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The McrBC restriction system of Escherichia coli K12 
degrades methylcytosine-containing foreign DNA. Two genes 
mcrB and mcrC had been shown to be required for the McrBC 
restriction (Ross, et al. , J. Bacteriol., 1989b). To
explore the involvement of additional gene(s), a 1.7 kb 
fragment downstream of the mcrC was cloned and sequenced. 
Also mutants containing deletion in mcrBC or the downstream 
region were isolated by transposon excision. Genetic 
complementation studies confirmed that only DNA containing 
mcrB and mcrC gene on a high copy plasmid were needed to 
fully restored McrBC restriction. Deletion of the 1.7 kb 
fragment from or addition to McrBC encoded on a high copy 
number plasmid did not cause detectable effects on the 
McrBC activity.
These proteins encoded by mcrBC genes were purified 
from cells in which products were overexpressed by using T- 
7 expression systems. Following sequential DEAE-Sepharose 
and Affi-Gel blue column chromatography, the mcrB encoded 
51-kDa and 33-kDa polypeptides were co-purified. The mcrC 
encoded 39-kDa polypeptide was purified using DEAE- 
Sepharose and hydroxylapatite column chromatography. The 
sizes and N-terminal amino acid sequences of the McrBC 
proteins are in agreement with those predicted from the 
maxicell analysis and the DNA sequence (Ross, et al.,
viii
1989b), providing evidence for the translation initiation 
sites for these McrBC polypeptides.
Finally, attempt to quantitate the number of McrB 
product within a E. coli cell were performed. Antibodies 
against the 51-kDa McrB product were obtained after 
injecting rabbits with a purified 51-kDa McrB. These 
antibodies were able to detect about 100 picograms of the 
purified polypeptide using a chemiluminescent assay. 
However, the McrB proteins could be detected only from cell 
extracts harboring mcrB-containing plasmids. No detectable 
Western band could be found from extracts of bacteria 
containing only the chromosomal mcrBC under various 
physiological conditions. These data appear to indicate 
that the level of mcrB proteins expressed by bacterial 
chromosomal copy is extremely low.
ix
LITERATURE REVIEW
DNA restriction and modification systems were 
discovered in E. coli K12 nearly four decades ago by 
Bertani and Weigle (1953) in the course of experiments with 
the phage P2 and X. They observed that phage grown on E. 
coli K12 plated with equally high efficiency on strains K12 
and C, whereas, phage grown on E. coli C plated with high 
efficiency on E. coli C but poorly on E. coli K-12. The 
DNA of the E. coli C grown phage was degraded when infected 
into a E. coli K-12 by a DNA sequence-specific 
endonuclease. When the phage were grown in E. coli K-12, 
their DNA was protected from the endonuclease cleavage 
because a DNA methylase, present in E. coli K12 and absent 
in E. coli C, methylated the sequences recognized by the 
endonuclease(Arber and Linn, 1969).
The term, 'host-controlled restriction and 
modification', of DNA has been used to describe the 
selective degradation of unmethylated foreign DNA (Bickle, 
1982, 1987). Restriction and modification systems have
been classified into three types based upon the structure 
of the enzyme, the cofactor requirements and their DNA 
restriction properties (Bickle, 1982) . The Type I 
restriction modification system contains both methylase and 
endonuclease activities in a heteropentameric protein that 
requires Mg++, S-adenosylmethionine and ATP for
1
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restriction. Recognition sequences are hyphenated with two 
specific domains of 3 and 4 bases separated by a 
nonspecified spacer of 6, 7 or 8 bases. DNA cleavage takes 
place several thousand bases away (Yuan, 1981). Type II 
restriction modification systems have separate methylase 
and endonuclease proteins. The endonuclease requires only 
Mg++ for restriction. This group includes the restriction 
enzymes most useful for genetic engineering because these 
enzymes cleave DNA at, or near, their recognition sequence 
(Yuan, 1981) . Type III contains both activities in a 
heterodimeric protein and requires Mg++ and ATP for 
restriction. The cleavage site is 24 or 26 base pairs to 
the 3* side of the host specificity site (Yuan, 1981).
The best studied type I restriction-modification 
system was EcoK found in E. coli K-12. This system is 
encoded by three hsd (for host-specificity of DNA) genes, 
hsdR, hsdM and hsdS (Loenen, et al., 1987). These genes 
map at 98.5 minutes on the E . coli K12 chromosome (Medique, 
et al., 1991). The hsdM and hsdS gene products bind and 
methylate at DNA sequence-specific sites. The hsdR gene 
product when complexed with those of hsdM and hsdS makes up 
the DNA restriction enzyme (Arber and Linn, 1969; Boyer and 
Roulland-Dussoix, 1969). The molecular weight of these 
proteins are 135,000, 62,000, 50,000, respectively (Eskin 
and Linn, 1972; Sain and Murray, 1980). The gene order is 
hsdR-hsdM-hsdS with hsdR located near 98.6 minutes on the
3
E. coli map. The genes are transcribed from hsdR toward 
hsdS. The hsd/? gene contains its own promoter, whereas the 
hsdM and hsdS genes are transcribed from a single promoter 
upstream of hsdM (Leonen, et al., 1987). The separate 
promoters may permit differential control of the levels of 
endonuclease versus methylase activity.
The steps in the restriction pathway have been resolved 
in vitro for EcoK (Yuan, 1981) . The enzyme is activated by 
S-adenosylmethionine to EcoK*, this allows the protein to 
bind at the recognition sequences. If the recognition site 
is fully methylated, the complex dissociates; if 
hemimethylated, it methylates the second strand; and only 
if the site is unmethylated does restriction cleavage 
occur. In this way, EcoK restriction system protects its 
own DNA by methylation and cleaves foreign DNA because 
their sequence is not methylated.
The restriction-modification systems described above 
use DNA methylation as a means of identification and 
protection. However, the base methylation at some DNA 
sequences can result in DNA susceptibility to degradation 
by another less-understood restriction systems. Three such 
restriction systems, Mrr, McrA, and McrBC, have been 
reported in E. coli K12 strains.
The Mrr restriction system restricts both adenine- 
methylated DNA (Heitman and Model, 1987) and cytosine- 
methylated DNA (Kelleher and Raleigh, 1991). This Mrr
4
restriction was shown to interfere with the maintenance of 
certain N6 methy1-adenine methylases. The //ball and PstI 
N6 adenine methylase qenes, when maintained in several E . 
coli K 12 strains, produced DNA damage as evidenced by 
induction of the SOS DNA repair response. Transposon 
insertion mapping and Southern blot analyses were used to 
position mrr gene on the E. coli chromosome at 98.5 
minutes, just upstream of hsdR gene (Waite-Rees, et al., 
1991). This locus was originally named mrr, the acronym 
for methylated adenine recognition and restriction. 
Recently, several groups found that the Mrr also restricts 
5-methylcytosine containing DNA (Waite-Rees, et al., 1991; 
Kelleher and Raleigh, 1991). The mrr gene has been cloned 
and sequenced (Waite-Rees, et al., 1991). A 34-kDa protein 
corresponding to mrr has been predicted from the DNA 
sequence and found by an in vitro transcription-translation 
assay. The protein has been purified from cells in which 
Mrr was highly expressed. It has been proposed that Mrr is 
an endonuclease (Heitman and Model, 1987).
McrA restricts DNA containing modified cytosine. The 
mcrA gene is located near 2 5 minutes on the E. coli K12 
chromosome, tightly linked to purB, on el4 (Raleigh, et 
al., 1989). The genetic unit, ei4, is a UV-inducible 
prophage-like element. This element can be cured by 
mutagenic treatments and can be reintegrated into the same 
locus on the chromosome DNA (Brody and Hill, 1988; Brody,
5
et al., 1985). Two lines of evidence indicate that the 
gene essential for McrA activity is carried on el4. First, 
the loss or alternation of el4 correlates with the loss of 
McrA restriction. Second, McrA- mutants can be derived 
from McrA+ strains easily by a UV curing protocol. At 
present, only the T-even phage and DNA modified by M./fpall 
and M .SssI are known targets for McrA activity (Raleigh and 
Wilson, 1986). A specific recognition sequence cannot be 
predicted. Genetic complementation experiments and DNA 
sequencing data revealed a single open reading frame. From 
the sequence data, a mcrA gene product of 31-kDa is 
predicted (Hiom and Sedgwick, 1991).
The McrBC restriction system has been more extensively 
studied than either McrA or Mrr. Investigation of the 
McrBC restriction system of E. coli K12 has a long and 
illustrious history. The earliest report of this 
restriction was published in 1952 (Luria and Human), 
although it was not known at the time to be a restriction 
system. This report involved E. coli mutants, subsequently 
shown to be defective for the production of UDP-glucose. 
Phage T2 and T6 could replicate in these mutants only once 
but then could not productively reinfect them. This was 
found to be due to restriction of DNA containing 5- 
hydroxymethylcytosine (5-HMC), that had not been modified 
by the addition of glucose (Revel, 1983). Phage containing 
cytosine instead of 5-HMC were not restricted. The
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glucoseless 5-HMC containing phage were named gt mutants 
(Revel, et al., 1965). Phage containing glucoseless 5-HMC 
arise when the glucosyltransferase enzymes are defective, 
as in the phage gt mutants (Georgopoulos and Revel, 1971; 
Georgopoulos, 1967; Revel, et al., 1965) or when wild-type 
phage are grown on a galU mutant host that cannot provide 
the glucosyl donor, UDP-glucose (Hattman and Fukasawa, 
1963; Shedlovsky and Brenner, 1963). Two genetic loci, 
rglA and rglB, were found to be responsible for this 
restriction of the glucoseless 5-HMC containing phage. The 
phenotypes were named the same as the genes, RglA and RglB, 
since they acted independently (Revel and Georgopoulos, 
1969; Revel and Luria, 1970). RglA mediates the
restriction of T6gt, T4gt, and T6gt phage, while RglB 
restricts T2gt, and T4gt. For many years the only known 
substrate for these restriction systems was phage DNA 
containing glucoseless 5-HMC.
In the 1980's, the Rgl systems were reinvestigated 
(Noyer-Weidner, et al., 1986; Raleigh and Wilson, 1986), 
because of the difficulties encountered in cloning genes 
specifying modification methylases (Blumenthal, et al., 
1985; Kiss, et al., 1985). These workers observed strain 
variation among E . coli K12 lines in the ability to accept 
such clones. The DNA restrictions involved were found to 
be modification dependent (Blumenthal, et al., 1985; Noyer- 
Weidner, et al. , 1986) . The rglA was genetically identical
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to the mcrA, and the rglB to mcrB (Raleigh, et al., 1989). 
RglA and RglB were renamed McrA and McrB (Mcr for modified 
cytosine restriction) because the latter names more 
accurately reflect their known activity (Raleigh and 
Wilson, 1986). Since it was later found that McrB 
restriction activity consisted of two genes products, McrB 
and McrC, McrBC nomenclature has been adopted.
The studies of the McrBC restriction activity have been 
carried out in vivo. Two methods, an Rgl assay and a 
vector (plasmid or X phage) transformation assay, have been 
developed to test for McrBC activity. The Rgl assay 
compares the growth properties of wild type and gt mutant 
T-even phage. The vector transformation assay measures the 
ability of strains to restrict transformation by vectors 
modified by methylase in vitro or actively modified in vivo 
by strains carrying a methylase gene.
McrBC is a sequence-specific DNA restriction system 
(Raleigh and Wilson, 1986). It will cleave DNA with 
sequences that include 5-HMC, most C5 methyl-cytosine and 
N4 methyl-cytosine (Raleigh and Wilson, 1986; Butkus, et 
al., 1987). But, not all DNA sequences containing 
methylated cytosine are restriction targets. For example, 
DNA modified in vivo by the host's resident dcm methylase 
(for DNA cytosine methylation) (Murinus, 1987), DNA 
modified in host containing a cloned methylase M.Hpall, or 
DNA modified in vitro by H.Hphl or M.BamHI were not
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restricted by introduced into a McrBC+ strain (Raleigh and 
Wilson, 1986). A consensus DNA sequence which is sensitive 
to McrBC has been identified by comparing fourteen 
methylases that are sensitivity to McrBC restriction. They 
all had in common the ability to create the sequence GmC 
(Raleigh and Wilson, 1986). However, these two
deoxynucleotides alone are not sufficient for recognition.
The mcrBC genes were physically mapped around 98.5 
minutes on the E. coli K12 chromosome (Raleigh, et al.,
1989). These genes are part of a cluster of six restriction 
genes at 98.5 minutes. The EcoK hsd genes are flanked on 
the hsdR side by mrr and on the hsdS side by mcrBC (Ross 
and Braymer, 1987; Raleigh, et al., 1989; Ravi, et al., 
1985). Recently, the term 'immigration control' has been 
used to describe the phenomenon where multiple restriction 
systems of several different types are grouped on the 
chromosome (Raleigh, et al., 1989). These grouped region 
may play a role in protecting a host from phage invasion 
and thereby regulating genetic flow between strains.
Genetic experiments have shown that the two genes 
designated, mcrB and mcrC, act together to restrict most 
test methylcytosine containing DNA (Dila and Raleigh, 1988; 
Dila, et al., 1990; Ross, et al., 1989b). A large 
chromosomal deletion mutant missing mcrB and mcrC genes 
could not regain activity with a plasmid containing mcrB 
alone. DNA modified by M.Raell, M.Ddal, M.tfaelll, M.PvuII,
9
and M.BanI, in contrast, were restricted when this same 
deletions was complemented by plasmid containing both mcrB 
and mcrC.
The DNA encoding mcrB and mcrC genes has been 
sequenced by Ross, et al. (1989b) and later by Dila, et al. 
(1990) and the gene products have been identified by 
maxicell labeling experiment (Ross, et al., 1989b). The 
translation initiation starts for both mcrB and mcrC genes 
were not determined. Ross, et al. predicted two 
polypeptides, one of 51-kDa and one of 33-kDa encoded by 
mcrB, with the 51-kDa and 33-kDa polypeptides sharing the 
same C-terminus. Dila, et al. later reported that mcrB 
encodes one 54-kDa polypeptide whose translation initiates 
18 nucleotides upstream of that predicted by Ross, et al. 
As for the mcrC gene, Ross, et al. predicted one 39-kDa 
polypeptide encoded by mcrC while Dila, et al. suggested a 
41-kDa polypeptide whose translation initiates 30 
nucleotides upstream of the former's prediction.
Therefore, in order to further our understanding of 
the McrBC restriction system, this dissertation research 
was undertaken to examine whether or not other genes are 
required for the McrBC restriction and to investigate the 
McrBC proteins. The specific objectives are to:
I. Sequence a 1.7 kb StuI-BcoRI fragment immediately 
downstream of mcrC and isolate McrBC” deletion mutants. 
The 1.7 kb fragment has been postulated to be involved in
10
the McrBC restriction (Noyer-Weidner, et al., 1990). The 
McrBC- deletion mutants are to be used for genetic 
complementation analysis of required mcrBC genes.
II. Purify the proteins encoded by mcrB and mcrC and 
obtain their N-terminal amino acid sequences. The 
purification of McrBC proteins would make it possible to 
generate antibodies. The information on N-terminal amino 
acid sequences will establish their translation initiation 
sites of McrB and McrC proteins.
III. Generate antibodies against the purified McrBC 
proteins. The antibodies would be used as protein probes 
to study the regulation of expression of the McrBC enzymes 
under various growth conditions.
CHAPTER I
DNA SEQUENCING OF THE REGION DOWNSTREAM OF THE 




Host-controlled restriction-modification systems 
enable bacteria to recognize and degrade foreign DNA that 
enters the cell. The restriction of foreign DNA resides in 
endonucleases produced by strains which protect their own 
DNA by methylation. The methylation modifies the same 
sequence by transferring methyl groups from S- 
adenosylmethionine to either adenine (N6 position) or 
cytosine (C5 or N4 position) (Bickle, 1987), which blocks 
cleavage by the restriction enzymes and thereby prevents 
the destruction of cellular DNA. Such a restriction- 
mod i f icat ion system selectively destroys unmethylated 
foreign DNA.
Although most restriction-modification systems use 
methylation as the means of protection, it is now apparent 
that methylation of bases at some DNA sequences can confer 
sensitivity to restriction. At least, three such 
restriction systems, McrA, McrBC and Mrr, have been 
reported to attack foreign DNA containing methylated bases 
in E. coli K12 strains. Information is rather limited on 
the genes, their regulation, and interrelationship among 
the three methylated cytosine restriction systems. McrBC 
which is the best studied of the three restriction systems, 
involves two genes, mcrB and mcrC (Ross and Braymer, 1987; 
Ross, et al., 1987; 1989a; 1989b). Sequence and maxicell
13
analyses suggest that the mcrB gene encodes two 
polypeptides of 51-kDa and 33-kDa and the mcrC gene encodes 
one polypeptide of 39-kDa. It was reported that when the 
region downstream of mcrC gene was deleted, the Mcr 
activity of the strain increased (Noyer-Weidner, et al., 
1990, Raleigh, et al., 1991). They postulated that the DNA 
region downstream of mcrC gene might be involved in the 
regulation of McrBC restriction (Noyer-Weidner, et al.,
1990). To examine this possibility, studies were 
initiated to sequence and analyze a 1.7 kb StuI-£coRI DNA 
fragment immediately downstream of mcrC, and to isolate and 
characterize new McrBC deletion mutants.
MATERIALS AND METHODS
Bacteria strains, phage and plasmids. The bacteria
strains, phage vectors, and plasmid vectors used in this 
study are described in Table 1. The recombinant plasmid 
pBg6 (Sain and Murray, 1980), which contains hsdS, and 
mcrBC in addition to about 6 kb of downstream DNA, was used 
to construct the following sub-clone plasmids in this 
study. The 1.7 kb EcoRI-StuI DNA fragment, immediate 
downstream of mcrC, was cloned into BcoRI and Smal sites of 
pUC8 vector (Fig. 1.1). The recombinant plasmid was named 
pZBD. A 0.9 kb FcoRI DNA fragment, directly downstream
1.7 kb StuI-EcoRI DNA fragment, was isolated from pBg6 and
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cloned into EcoRI site of pBR322 (Fig. 1.2). This 
recombinant plasmid was designated pZB2R. A 1.1 kb BamHI 
fragment, downstream of the 0.9 kb EcoRI, was isolated and 
cloned into BamHI site of pBR322 (Fig. 1.3). This plasmid 
was termed pZB2B. A deletion plasmid, pBg6Al, was made 
from pBg6 by deleting all insert DNA downstream of the StuI 
site (Fig. 1.4). The pBg6 was double digested with EcoRI 
and Etui enzymes and religated after filling in the ends 
with two deoxynucleotides as described elsewhere (Maniatis, 
et al., 1989).
Media. Strains except NM522 were routinely subcultured on 
LB broth or LB with agar added at 1.5% (L agar) (Miller, 
1972) . M9 minimal medium was used for stock cultures of 
NM522 to maintain the F' for M13 production (Maniatis, et 
al., 1989). Tetracycline sensitive (TcB) medium was used 
to positively select TcB mutants from predominantly 
tetracycline resistant (Tcr) population of SK472 strains. 
This selective medium is based on the inhibition of Tcr 
bacteria by the lipophilic chelating agents fusaric acid 
and quinaldic acid (Maloy and Nunn, 1981) . Screening for 
the lactose phenotype in E. coli strains containing pUC8- 
derived plasmids and M13 derived phage was done on LB 
plates in the presence of 30 pi of X-gal (20 mg/ml in N ,N- 
dimethylf ormamide) and 20 /il of the inducer IPTG (24 
mg/ml)(Sigma). Antibiotics when used were added to media 
at the following concentrations: ampicillin (Ap), 100
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pg/ml; tetracycline (Tc), 15 pg/ml (Maniatis, et al., 
1989). L-agar plates and water top agar (0.65% agar) were 
used for plating M13, T4gt an T4 phage.
Subcloning of specific restriction fragments. The 1.7 kb
StuI-EcoRI DNA fragment band was isolated from EcoRI and 
BamHl digested pZBD, that was separated by agarose gel 
electrophoresis using low-melting agarose. The DNA from 
the excised band was purified by an ELUTIP-d column
(Schleicher and Schuell, Inc., Keene, N.H.). The DNA 
fragment was digested with the following enzymes: AIuI,
Rsal, DraI, Nrul, PcoRI, BamHI, tfindlll, EcoRV, BglI, Kpnl, 
PstI, and PvuII. A detailed restriction map of this 1.7 kb 
fragment was obtained (Fig. 1.7). This DNA fragment had 
several restriction sites that were optimal in size for DNA 
sequencing. AluI enzyme breaks this DNA fragment into 5
segments: 460 bp, 440 bp, 350 bp, 195 bp, and 195 bp.
These fragments were separated and their DNA bands were 
excised after agarose gel electrophoresis. They were
individually subcloned into Smal digested M13mpl8 and 
M13mpl9 for 460, 440 and 190 bp fragments, and into
Smal/Ba/nHI digested M13 vector for 350 bp fragment, and 
into Smal and PcoRI digested Ml 3 vectors for 190 bp 
fragment to generate specific clones. Recombinant phage 
were identified as white plaques by plating dilutions of 
the transfection of ligation reactions on NM522 in the 
presence of X-gal and IPTG.
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E . coli K12
SK4 7 2 zjj::TnlOa S. Kushnerb
NM522 A(lac-pro)F ’lacZ 
AM151acJqhsdA5





rpsL (strA) (080 
lacZAM15)
Vieira & Messing 
(1982)
DH5aMCR A(hsdRMS, mcrBC), mcrA Jessee & Bloom 
(1988)
Phage











pUC8 Apr Vieira & Messing 
(1982)
pBR322 Apr, Tcr Sutcli f fe 
(1978)
a When an insertion is not within a known gene, it is 
given a three-letter symbol starting with z, and the 
second and third letters indicate the numerical position 
on the E. coli K12 linkage map, for example zjj 
corresponds to 99 minutes (Bachmann and Low, 1980). 
b S. Kushner strain via Coli Genetic Stock Center (CGSC).
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Sequencing reaction and gel electrophoresis. Single­
stranded DNA templates from single plaques of recombinant 
Ml3 phage lysates were prepared (Maniatis, et al., 1989). 
Sequencing was performed using a Sequenase kit as described 
by manufactures (US Biochemicals) and 35[S]dATP (DuPont). 
The sequencing reaction was done in three main steps: 
annealing template with primer, labeling reaction and 
termination (Sanger, et al., 1977), For large DNA 
fragments (which did not contain convenient restriction 
sites for further subcloning) , custom-synthesized DNA 
primers were used. The sequencing reactions were 
fractionated on 0.25 mM-thick 6% denaturing polyacrylamide 
gels (containing 7M urea as denaturing agent). The gels 
were pre-run at normal operating voltage for at least 20 
minutes with lx TBE buffer, so that the gel temperature 
stabilized at 55°C. Sequencing gels were run at 50-55°C 
for 1 to 7 hours. After the electrophoresis, the gels were 
soaked for 30 minutes in 10% acetic acid and 10% methanol 
to remove the urea. Gels were then dried at 80°C under 
vacuum and exposed to X-Ray film (X-Omat, Kodak) for 12-36 
hours.
Tc* mutant isolation. A Tcfi selective medium was used to 
positively select spontaneous Tcs mutants among the 
predominantly Tcr population of strain SK472. SK472 cells
were incubated overnight at 37°C. The concentration of 
bacteria was spectrophotometrically measured at 600nm.
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Optimal selection was found by plating 0.1 ml of a solution 
containing 108 cells <OD600=0. 3) per ml on Tc0 selecting 
plates and incubating for 24 to 48 hours at 37°C. The 
colonies that appeared were further verified for Tc0 by 
replicating them into LB plates with and without Tc.
RglB restriction assay. To test whether these Tcs
colonies were also McrBC" mutants, their abilities to 
restrict glucoseless 5-HMC containing T-even phage (Rgl) 
were assayed (Revel, et al., 1965, Revel and Luria, 1970). 
The RglB restriction activity was measured by the growth 
properties of T4 and T4gt phage determined by spot ratio. 
T4 phage that contain glucosylated 5-HMC DNA are 
insensitive to McrBC restriction, and, therefore, serve as 
a negative control substrate. In contrast, T4gt phage 
which contain nonglucosylated 5-HMC DNA are sensitive to 
Rgl restriction, and thus are used as the test phage. The 
spot ratio was determined by spotting 10 /il of 10-fold 
serial phage dilutions on a bacterial lawn in soft agar on 
LB agar and recording the endpoint for plaque formation. 
In a McrBC* host, the typical spot ratio for T4gt was about 
10"5 - 10“6, whereas in a McrBC" host, the ratio for T4gt 
was 1.0.
Plasmid DNA and genomic DNA isolation. Plasmid DNA was 
prepared from cells by an alkaline lysis procedure, 
followed by ethidium bromide-CsCl equilibrium density 
gradient centrifugation (Maniatis, et al., 1989). The
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method used for rapid, small scale isolation of plasmid DNA 
was based on the Birnboim method (Birnboim and Doly, 1979) . 
The procedures for restriction enzyme digestion, ligation 
of DNAs, and transformation of bacterial strains have been 
described elsewhere (Maniatis, et al., 1989). For 
preparative digestion, 10 ^g of plasmid DNA were digested 
with the appropriate restriction enzymes and were 
electrophoresed on low-melting agarose gel. The desired 
DNA fragments were purified by the use of an ELUTIP-d 
column (Schleicher and Schuell, Inc., Keene, N.H.)
Genomic DNA was prepared as previously described 
(Hartl, et al., 1983). in brief, E. coli K12 cells were 
grown overnight in 1 liter of LB broth and the cells were 
pelleted by centrifugation. These cells were resuspended 
in a buffer containing 0.15 M NaCl, 0.1 M Na2EDTA, lysozyme 
(2 ng/ml), 0.1 M Tris (pH 8.0), 1% SDS, and were frozen in 
dry ice for 30 minutes and thawed at 65°C. This process 
was repeated in order to minimize the breakage of 
chromosomal DNA. Equal volume of Buffer-saturated phenol 
was added to denature proteins. Two volumes of 100% 
ethanol were added to the aqueous layer. DNA was spooled 
on a glass rod and its concentration was measured 
spectrophotometrically at A260.
Labelling of DNA, hybridization and autoradiography.
Hybridization probes were prepared by nick translation 
using [a-32P]dATP (DuPont) as described by Maniatis, et al.
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(1989) . In a Southern blot, 4 /ig of genomic DNA was 
digested with either EcoRI or BamHI enzymes and separated 
by agarose gel electrophoresis. Genomic DNA was
transferred to nitrocellulose filters from agarose gels 
(Southern, 1975). After transfer, the filters were dried 
at 80°C under vacuum for 2 hours.
DNA-DNA hybridization was performed as follows. The 
filters were wetted with 4x SSC for 2 minutes prior to 
placing them in a heat-sealable bag with 50 ml of 
hybridization buffer (50% formamide, 4x SSC, lx Denhardt's 
solution). The bag was sealed and incubated for 1 hour at 
37°C with shaking. The bag was then cut at one corner, and 
denatured calf thymus DNA (24 jig/ml, final concentration) 
was added with the labeled DNA probes and the bag was 
resealed. DNA-DNA hybridization was achieved by overnight 
incubation at 42.5°C. The filters were washed at 68°C in 
2 X SSC-0.1% sodium dodecyl sulfate (SDS) (twice for 30 
minutes) and subsequently at room temperature in 1 X SSC- 
0.1ISDS. After air drying, the filters were exposed to X- 












Figure 1.1. Construction of the pZBD plasmid: cloning of 
a 1.7 kb fcoRI ~Stu I fragment into pUC8 vector. The plasmid 
pBg6 DNA was digested by fcoRl and StuI and a 1.7 kb Stul- 
EcoRI fragment immediately downstream of mcrC gene was 
isolated. The fragment was then ligated into EcoRI-Smal 
digested pUC8 vector. The heavy line indicates the insert 
DNA fragment, and the thin line is vector DNA. R indicates 
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Figure 1.2. Construction of the pZB2R plasmid: cloning of 
a 0.9 kb £coRI fragment into pBR322 . The pBgG DNA was 
digested with FcoRl and 0.9 kb EcoRI fragment was purified. 
The fragment was ligated into EcoRI-digested pBR322 vector. 
The heavy line indicates the insert DNA and the thin line 
is vector DNA. R indicates an EcoRI target, B a BarnHI 














Figure 1.3. Construction of the p?,B2B plasmid: cloning of 
a 1.1 kb BamHI fragment into pBR322. The pBgO DNA was 
digested with BamHI and 1.1 kb flamHI fragment was purified. 
The fragment was ligated into BamHI-digested pBR322 vector. 
The heavy line indicates the insert DNA fragment and the 
thin line is vector DNA. R indicates an B'coRI target, B a 
BamHI target, and S a B’ful target.
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rigure 1.4. Construction of the pBg6Al plasmid: deletion of 
inserted DNA downstream of mcrC gene from pBg6. The large 
8 kb fragment was isolated and the ends ligated together 
after filling in the ends with DNA polymerase I and two 
deoxynucleotides. R indicates an EcoRT target, B a BamHI 




Restriction mapping of the 1.7 kb DNA fragment. The
chromosomal region immediately downstream of mcrC was 
postulated to play a role in restriction of methylated DNA 
(Noyer-Weidner, et al., 1990), and so, a 1.7 kb StuI-EcoRI 
fragment containing this region was sub-cloned from pBg6 
into pUC8. Restriction mapping of this fragment was 
conducted by various enzyme digestions followed by 
separation of the digested fragments using 6% 
polyacrylamide gel electrophoresis (Fig. 1.5). First 
digestion with various single restriction enzymes was 
performed on the linearized 1.7 kb fragment. Aiul enzyme 
cleaved this fragment into five DNA fragments: 460 bp, 440 
bp, 350 bp and 2 x 190 bp (Fig. 1.5, lane A). The two 190 
bp bands were predicted because the band intensity was 
stronger than one fragment and the sum of all the fragments 
was equal to 1.7 kb. Dral enzyme digestion gave three 
bands: 790 bp, 550 bp, and 300 bp (Fig. 1.5, lane B). Nrul 
digestion gave two bands: 170 bp and 1500 bp (Fig. 1.5,
lane C). Rsal digestion gave three bands: 830 bp, 440 bp, 
and 370 bp (Fig. 1.5, lane D). According to the single 
enzyme digestion data, the 1.7 kb StuI-EcoRI fragment 
contains four Alul, one Nrul, two i?sal and two Dra I 
restriction sites. However, DNA fragments smaller than 65 
bp were not detected on the polyacrylamide gel.
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Double restriction enzyme digestion was used to 
provide information on the location of these restriction 
sites within the 1.7 kb fragment. The 1.7 kb DNA fragment 
was digested with AJul and Dral (Fig. 1.5, lane E), Nrul 
and Dral (Fig. 1.5, lane F), and Dral and fisal (Fig. 1.5, 
lane G) . The 350 bp Alul fragment was cut by Dral into 300 
bp and 50 bp fragments (the 50 bp band did not shown up in 
the lane) (Fig. 1.5, lane E), suggesting there is one Dral 
site within the 350 bp Alul fragment. The 460 bp Alul 
fragment was cut by Dral into 360 bp and 100 bp bands, 
indicating another Dral site is within the 460 bp Alul 
fragment (Fig. 1.5, lane E). The 830 bp RsaI fragment was 
cut by Dral into 300 bp and 525 bp fragments (Fig. 1-5, 
lane G) . The 370 bp Rsal fragment was cut by Dral into 270 
bp and 100 bp fragments (Fig. 1.5, lane G). Only one Nrul 
site was found to be within the 550 bp Dral fragment (Fig.
1.5, lane F), locating the 550 bp fragment at the one end 
of the 1.7 kb fragment. The double digestion with Nrul and 
Alul, Nrul and Rsal further located 440 bp RsaI and 190 bp 
Alul fragments at the same end with the 550 bp Dral 
fragment (data not shown).
The finding of one asymmetric Nrul site within the 1.7 
kb fragment was helpful for identifying the orientation of 
the fragment (i.e. the StuI end and EcoRI end). The Nrul 
and EcoRI were used to digest pZBD plasmid (pUC8 containing 
the 1.7 kb DNA fragment). One band with 170 bp was
27
observed from 6% polyacrylamide gel, indicating the Nrul 
site located 170 bp away from the EcoRI end.
The DNA restriction sites on the StuI end of the 1.7 
kb DNA were determined by the use of [a-32P]dATP end- 
labelling technique. The pZBD plasmid was digested by 
BajnHI enzyme {there is one BamHI site on the pUCS multiple 
cloning region closer to the StuI site of the inserted 
fragment). The ends of the linearized plasmid were 
labelled with [a-32P]dATP by using DNA polymerase I large 
fragment. Then, the linearized plasmid was cut with EcoRI 
to release the 1.7 kb fragment. The fragment was purified 
from a low-melting agarose gel by an ELUTIP-d column and 
then digested by Alul, Dral and RsaI. The DNA fragments 
were resolved by a 6% polyacrylamide gel. The
autoradiography of the gel (Fig. 1.6) showed that the 350 
bp Alul fragment (Fig. 1.6, lane A), the 300 bp Dral 
fragment (Fig. 1.6, lane B), and 830 bp RsaI fragment (Fig.
1.6, lane C) were located on the StuI end of the 1.7 kb 
fragment.
The digestion analyses with restriction enzymes made 
it possible to construct a restriction map for the 1.7 kb 
StuI-EcoRI fragment (Fig. 1.7). These restriction enzymes 
were chosen for the mapping because they gave blunt ends 
and suitable fragments in size for subcloning into Smal- 
digested M13 vectors for DNA sequencing. Every restriction 
site location was verified by enzyme digestion performed
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more than once. Also, all the these restriction sites were 
later confirmed by DNA sequencing of this fragment (see the 
next section) with one exception. The DNA sequence data 
revealed one extra 12 bp Alul fragment, which was too small 
to be detected in the restriction enzyme mapping studies. 
DNA sequencing of the 1.7 kb fragment sequence data. The 
restriction cleavage information allowed the subcloning of 
the five DNA fragments: 460 bp (AA460) , 440 bp (AA440) , 350 
bp (BA350) , 190 bp (AA190) , and 190 bp (RA190) , from the
1.7 kb region into M13mpl8 or M13mpl9 for sequencing. The 
DNA sequencing strategy, namely the DNA insert in the 
recombinant M13 phage and the location of synthetic 
primers, are presented in figure 1.8. DNA templates with 
significant sequence overlap were used to insure the 
fidelity of the sequence and both strands of the DNA were 
sequenced. Analyses of DNA sequences and alignments of 
proteins were performed using computer software from 
Genetics Computer Group, University of Wisconsin (UWGCG). 
The nucleotide sequence reported here has been submitted to 
EMBL Bank and assigned the accession number X55662.
The 1.7 kb StuI-£coRI sequence is shown in figure 1.9. 
Analysis of the DNA sequence revealed the presence of 
various possible open reading frames (ORFs) (Table 1.2). 
No ORF that would encode presumptive polypeptides of more 
than 100 amino acids were found in the StuI to EcoRI 
direction. In the EcoRI to StuI direction, there are at
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least two ORFs encoding polypeptides of more than 100 amino 
acids. Both ORFs are oriented in an opposite direction to 
that of mcrC. One of the ORFs starts 778 bp from the EcoRI 
site and ends 70 bp after the StuI site. The ORF, total of 
849 nucleotides, has the capacity of encoding a polypeptide 
with a molecular mass of 32-kDa. The initiation codon for 
the other ORF is projected to start upstream of the EcoRI 
end. The sequence for this region was not determined and 
hence its N-terminal amino acid sequence information has to 
wait until the availability of the DNA sequence of that 
reg ion.
In order to determine the translation product(s), 
attempts were made to label the protein(s) using both the 
maxicell labelling and the T7 labelling techniques. 
However, gene products were not identified from the 
autoradiographs of the labelling experiments. On possible 
reason was that there was no ribosomal binding site found 
within our sequence data for the complete and largest ORF. 
The present studies were, therefore, unable to identify 
polypeptide(s) encoded by the 1.7 kb fragment.
Restriction map comparison of the 1.7 Kb region with 
Kohara map. To confirm the location of the 1.7 kb fragment 
on the physical map of E. coli, the pZBD plasmid containing 
the 1.7 kb fragment was used to probe six Kohara phage 
clones around 98.5 minutes: ID6, 5G8, 8H8, 12G5, 10H12 and 
7C1 (Kohara, et al., 1987). The results placed the
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fragment on lambda clone 12G5 (miniset clone number 669) in 
its entirety. Within the sequenced StuI-KcoRI fragment, 
seven enzymes patterns: Windlll, BamHI, EcoRI, Pstl, BglI, 
KpnI and PvuII, are identical with the published physical 
map (Kohara, et al., 1987) except the EcoRV pattern was 
different from the Kohara map. An EcoRV site resides 
between the Bgl I and StuI restriction sites (Fig. 1.10). 
The pattern of these restriction sites in the present date 
was found by the results of both the restriction enzyme 
digestion and the analysis of nucleotide sequence. 
However, we can not rule out the sequence divergence within 
the DNA region among different strains of E. coli K12. The 
experiment which can be done to confirm the EcoRV site is 
to digest lambda 12G5 DNA with EcoRV to determine if the 








Figure 1.5. A representative pattern for the 1.7 kb Dtul- 
EcoRI DNA fragment digested with restriction enzymes. The
1.7 kb fragment was isolated from pBg6 and purified from a 
low-melting agarose gel by ELUTIP-d column. The linearized
1.7 kb fragment was cut with various enzymes. The DNA 
fragments were resolved on a 6% polyacrylamide gel at 35 mA 
for 12 hours, a.) Alul enzyme digestion; b) Dral enzyme 
digestion; c.) Nrul enzyme digestion; d.) Rsa I enzyme 
digestion; e.) Alul and Dral enzymes digestion; f.) Dral 
and Nrul enzymes digestion; g.) Rsa I and Dral enzymes 
digestion. The lane at the right margin of the gel is DNA 
size markers: 517 bp, 395 bp, 214 bp, 75 bp and 65 bp.









Figure 1.6. Autoradiography of 6% polyacrylamide gel 
electrophoresis showing StuI end-labelled fragment of the
1.7 kb digested with restriction enzymes. Only DNA 
fragments containing the StuI end of the 1.7 kb StuI-RcoRI 
fragment were labeled by [a-35P]dATP. Lane A, the DNA 
fragments digested with Alul; Lane B ( DNA fragments 
digested by Dral; lane C, DNA fragments digested with Rsa I. 
The DNA size markers are 1416 bp, 517 bp, 395 bp, 214 bp, 







50 440 40 150 no 110 240 1320 170 bp
Figure 1.7. Restriction enzyme map of the 1. 7 kb Sful-A'coRI 
fragment. Different restriction enzyme sites within the
1.7 kb DNA fragment are indicated. Also shown are the 
relative sizes of DNA fragments. The numbers are the size 
in bp between the two restriction enzymes.
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Figure 1.8. The sequencing strategy for the 1.7 kb Stul- 
ScoRI DNA fragment (bold line). The five Alul fragments: 
AA460 (460bp), AA440 (440 bp), BA350 (350 bp), AA190 (190 
bp), and RA190 (190 bp), were cloned into M13 vectors and 
sequenced using universal primers. The gap regions and the 
second strands were sequenced using synthetic primers. The 
five synthetic primers: I, II, III, IV, and V were
synthesized from the Texas A & M University. The arrows 
indicate the direction of sequencing and the dashed lines 
give the propositional length of sequencing.
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AGGCCTGAGCCATTTTGACTAACTGGAAAGAAACGTCATCGCGGAAATCA 5 0 
AAGTAATGCCATTGCGATGAAAAGTTGATGCGCCAGTAGCCCATCCCCTG 100 
ATCGAAGCGGATCTTCAATACCTGACCATCCTCAAAAGTCACCGTCAGTT 150 
TACGATGGTGAGGGATATCGCGCGGCGAGTCGAACACCGTCAGTTCTACC 2 0 0 
GGCCTGCCCAGCGCAGCAGCAAACCACTGATCAGCGAAATCCTGAAAATC 2 50 
CGCTATGCTCATCCAGTCATGGAAAGGCCGGTTACCGGGGCGATCTTTAT 3 00 
CTTTAAATAGCGTATCCAGCGTCACTTCAGCGCCATCGGTCAGCTTTGTT 3 5 0 
TTTAGCGGTCTCAGAATTGATCCCAACAACGCCAGCGCAACCGGGTTTTG 4 00 
CAGATAGCGATCGGTATAGTGAACGCCGGTAATTCGCGTGTTATTCATCA 4 50 
GTGACTGCGCTTCTTCATGGTCGTTAAACAGCACGTCCCAGAAGCGTTGC 50 0 
CCAAACTGCGACAGTGGTCCATTCAACTGTTTGTGGATCTGAATGTCTTT 5 50 
GACCCGCTCGACAGCGTTGGTGGCTTTAGCCGGCAGAATAAACTCGTTCA 6 0 0 
GTTCTACCGTTTTATAACCGAGACTACGCACCACCAGTTCGTCATTCAGG 6 50 
TGCCACTCCGGCCCCGGAATCGTTGCCTGCTGGCTGCGAGAGGCCAGCGT 7 00 
CATCACGCGATCGGTATCAACCCCCATTTCCATGGTGGTGGAACAGTTGA 7 50 
GAACATTTAGTTGCCCATTCTTGAACATCTTTTCATAGCTTTGCAGACGT 8 00 
TCTGACGACTGCTGGGCAGAGTGCTCGGCAGTACGATAGTAGAAGCCGCC 8 50 
TTCCACGACACGATCGTTAATGTCTGTCCAGACGTTTTTCCGACCGCCAA 9 00 
TTGTGCGATCAGCGGATCATGGCTGACCCAGTCGCGTGCTTTTGCCAGAC 9 50 
CCTCTGCGTAGTCTTCCTGTGAACGATCCAGCTTCCAGATTTCCGGCATT 1000 
TGTGACTTTCTGCGCGACAAAAGTGTCATATTGCGCCAGGGTAAGATGCT 10 50 
CGAACGAAATATGGGTAGGCAGATAAGGGGTTAAGCCTTTAAAAGCCGTA 1100 
TCCAGGATTTTATTGGTTACCGGGCAAATCCAGGCATCCGTGATTAAAGA 1150 
AAAAGTCATATGCTCTTTCGGTAAATAAAAACGGTTGCCATCGGGTTTCA 12 00 
GTACTGCAAGCGGTCCGGTAAGTTGGGCCCATGCTTCTTTCAGCCATGTA 12 50 
TTGATAATATCAATAGTTGCCGCATTTGACGGTTTTGAATCCAGCCCCCA 13 00 
GCATCAGCAACTTCGCTAAACGATGGGATACGTTGCCATTACGAATTTGA 13 50 
GGCCAGCGTCTGTTCTGATTATCTTCAGGATCTTTTGATTCCGGGTTACG 14 00 
GACGAATTTTGATGAAAAACGGCTACCAATCCAGTTTTTCAGCTCATCAT 14 50 
CCAGCTGTGTGAAGTTGCTCTCGCGAACGTAATGATCCAACGTAACCTTG 1500 
AGAAAATCGCGCCAGTCATCCAGCGTTAATCCTTTTTCCTGCCAGTGCAA 15 50 
GGGGCTCTTATGTATTTTCTCCAGCCCCTGGTAACCAACCTGAACCAGCC 1600 
CCTGTGTTTCCAGGCTGGTTAGTCCGTTTAGGGGAATTC
Figure 1.9. The nucleotide sequence of the 1.7 kb StuI- 
EcoRI DNA fragment. Single strand DNA sequence of 1639 bp 
is shown. The sequence starts with StuI target, AGGCCT 
(bold) and ends with ScoRI target, GAATTC (bold). The end 
of the mere gene is located 70 bp before the StuI site.
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Table 1.2. Possible ORFs deduced from the DNA sequence of 








b 155 156 51
467 294 97
c 255 153 50
543 75 24
1323 66 21
d 1519 81 26
1159 243 80
7 7 8C 849 282
e . 1633d 372 123
1247 138 45
f 1633d 75 24
1029 273 90
552 75 24
a The sequencing region starts at StuI site and ends
at EcoRI site, which is located immediate downstream of
mcrC gene.
b Any possible ORF less than 20 amino acids is not listed.
c The ORF ends 70 bp beyond the StuI site.
d The starting nucleotide for the ORF is before the EcoRI 
site.
e Frames a-c represent the three possible reading frames in 
the StuI to EcoRI orientation. Frames d-f represent the 
three possible reading frames in the EcoRI to StuI 























Modification of the Kohara Map











. . (about 0.1 kb)
Figure 1.10. Restriction site comparison of the 1.7 kb 
EtuI-EcoRI DNA fragment with Kohara map. Kohara, et al. 
(1987) made the entire E. coli K12 chromosome DNA map by 
the use of the eight restriction enzymes (upper panel).
A new EcoRV restriction site located between BglI and Etui 
was found from the present DNA sequence and also confirmed 
by the restriction enzyme digestion (lower panel) which was 
different from the Kohara map (upper panel).
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Isolation of McrBC" mutants. In an attempt to test the 
involvement of the region downstream of mcrC in the McrBC 
restriction, McrBC- deletion mutants were sought. The 
deletion mutants were isolated by utilizing the imprecise 
excision of a TnlO transposon near the mcrBC chromosomal 
region. The first step was to isolate Tcs mutants 
resulting from the loss of TnlO. E . coli SK472 strains 
are resistant to Tc because TnlO, which carries Tcr, is 
present at approximately 99 minutes of the chromosome DNA. 
Tc8 selective medium was used to directly isolate Tca 
mutants from predominantly Tcr population. One hundred and 
sixty Tcs colonies were selected from one hundred Tcs 
selective plates. Those colonies were further verified to 
be Tc8 by replicating on LB media with and without Tc. One 
hundred and forty-four proved to be true Tca colonies. The 
spontaneous TnlO excision frequency was estimated at about 
10-7.
These Tcs mutants only indicated the excision of TnlO 
from chromosome DNA. Since TnlO inserted around mcrBC 
region, the excision of TnlO could result in the deletion 
of mcrBC region. RglB assay (Materials and Methods) was 
used to identify McrBC- mutants among the Tca mutants. 
Fifteen out of the one hundred and forty-four Tc8 were 
found to be McrBC- mutants. There are at least two reasons 
to explain why only fractions of these Tc8 colonies were 
McrBC- mutants. First, the excision of TnlO from
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chromosomal DNA is imprecise and the amount of chromosomal 
DNA lost may vary during imprecise excision. Second, the 
exact insertion of TnlO at the parental strain was not 
identified. The closer the TnlO insertion to the mcrBC 
region, the more McrBC” mutants would be obtained. 
Southern blot analysis of McrBC- mutants. Southern blot 
hybridization experiments were performed to localize the 
ends of the deletion in McrBC- mutants. The EcoRI or BamHI 
digested genomic DNA fragments of the 15 McrBC” mutants, 
SK472 (positive control) and DH5arMCR™ (negative control), 
were resolved by agarose gel electrophoresis and probed 
using three recombinant plasmids, pBg6 (insertion fragment 
containing mcrBC and additional 5 kb downstream of mcrC 
region), pZB2R (0.9 kb EcoRI insertion fragment of DNA 
region downstream of mcrC) and pZB2B (1.1 kb BamHI 
insertion fragment of DNA region further downstream of 
mcrC), respectively. The pBg6 hybridization with the wild 
type genomic DNA (SK472) was supposed to give three DNA 
bands at 11 kb, 4 kb, and 0.9 kb (Fig. 1.11). By comparing 
with SK472, three classes of McrBC” deletion mutants were 
isolated (Fig. 1.14). Class I mutants (e.g. mutants 5, 17) 
contain deletions of the whole pBg6 region, since three 
bands homologous to pBg6 were not detected. Class II 
mutants (e.g. mutants l, 12) contain various length of 
deletions within the 11 kb band. Class III mutants (e.g. 
mutants 26, 35) contain deletions which were not detected
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with the probes. These mutants may either have point 
mutation at the mcrBC region generated by other 
unidentified means or carry deletion of mrr gene since TnlO 
may make imprecise excision from both directions. The mrr 
gene is located at the right site of hsdR gene (Fig. 1.14) 
and is responsible for the restriction of methylated 
cytosine. The possible r n i o  insertion site is identified 
in the direction toward hsdR (Fig. 1.14) since all McrBC- 
mutants isolated are Hsd- and some Hsd- mutants are McrBC*. 
The DNA/DNA hybridization with the pZB2R probe (Fig. 1.12) 
and with the pZB2B probe (Fig. 1.13) further confirmed the 
results by pBg6 hybridization.
Complementation of the McrBC* phenotype by using one hybrid 
plasmid. The class I mutants with large deletion of mcrB 
and mere genes, and downstream region were used as hosts in 
genetic complementation experiments. A plasmid containing 
the mcrC and mcrB genes but without the downstream region 
was constructed by deleting the pBg6 from the DNA region 
downstream of the Stu I site (Fig. 1.4). This plasmid 
pBg6dl was transformed into a class I McrBC- large deletion 
mutant, ZB5A(mcrBC), and the transformants were found to be 
fully active in the McrBC restriction activity (Table, 
1.3). The results indicated that mcrBC genes are 
sufficient to complement McrBC restriction activity which 
is in agreement of the data generated by Ross, et al. 
(1989a). It was reasoned that the 1.7 kb DNA fragment
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might be involved in modulating McrBC activity. Hence, the 
fragment was cloned into pUC8 (Fig. 1.1). The recombinant 
plasmid, pZBD, was transformed into an McrBC+ host, SK472. 
Comparing the McrBC restriction efficiency on T4gt phage 
between SK472 and SK472 containing the pZBD plasmid, they 
did not show any difference in McrBC restriction activity. 
The study indicates that the 1.7 kb region is not necessary 
for the McrBC restriction, and mcrB and mere genes appear 
to be sufficient to confer such restriction.
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Figure 1.11. Southern blot of BcoRI digested genomic DNA 
from McrBC" mutants and the parental strain using plasmid 
pBg6 DNA as a probe. The parental strain, SK472, contains 
three fragments at 11 kb, 4 kb and 0.9 kb which are 
homologous to the probe. The mcrB and mcrC genes are 
located within the 11 kb fragment.
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Figure 1-12. Southern blot of EcoRI digested genomic DNA 
from McrBC“ mutants and the parental strain using plasmid 
pZB2R DNA as a probe. The parental strain, SK472, contains 
one fragment at 0.9 kb which is homologous to the probe. 
The 0.9 kb fragment is the same as the bottom fragment in 
f igure 1.11.
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Figure 1.13. Southern blot of SamHI digested genomic DNA 
from McrBC- mutants and parental strain using plasmid pZB2B 
DNA as a probe. The parental strain, SK472, contains one 
fragment at 1.1 kb which is homologous to the probe. The 
1.1 kb fragment is within the 4 kb fragment in figure 1.11.
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Figure 1.14. The three classes of McrBC- deletion mutants 
with different length of deletion in mcrBC region were 
shown. The location of the mcrBC, hsdSMR and mrr region on 
the E. coli K12 chromosome are also shown. The possible 
location of TnlO insertion at the SK472 chromosome is 
within hsd genes. The dashed lines (--) indicate the 
possible deletion region of McrBC- mutants.
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Table 1.3. Restriction of nong1ucosylated 
hydroxymethylcytosine (HMC)-containing T4 phage
plasmid




pBg6Al 1 . 0 10“6
pBR3 2 2 
(negative 
control)
1 . 0 1 . 0
*phage T4gt carries mutations in the genes of the 
glucosyltransferase enzymes and is therefore unable to 
protect its DNA by the transfer of glucose from 
uridinediphospholucose to HMC residues (Revel, 1983)
CHAPTER II
OVERPRODUCTION AND PURIFICATION OF THREE 




McrBC (for methylated cytosine restriction) 
restriction system in E. coli K12 is responsible for the 
inactivation and degradation of foreign DNA containing 
methylated cytosine, such as 5-hydroxymethylcytosine (5- 
HMC) , C5-methyl and N4-methyl cytosine (Butkus, et al. , 
1987; Raleigh and Wilson, 1986). The common recognition 
sequence for the McrBC system is GmC (Raleigh and Wilson, 
1986). Since DNA of many organisms, both procaryotic and 
eucaryotic, contains methylated cytosine, McrBC methyl- 
specific restriction system can significantly hinder DNA- 
cloning procedures in E. coli (Ross, et al., 1989b; 
Woodcock, et al., 1989a; 1989b).
mcrBC locus has been physically mapped around 99 
minutes of E. coli chromosome DNA (Raleigh and Wilson, 
1986). It is in a cluster with other restriction 
modification systems, including the hsd genes encoding type 
I restriction-modification enzymes and mrr gene encoding 
methyl adenine-specific restriction enzyme (Raleigh, et 
al., 1989) . Two, mcrB and mcrC genes, have been cloned and 
sequenced (Ross, et al., 1987; Ross and Braymer, 1987; 
Ross, et al., 1989b). The mcrB gene encodes 51-kDa and 33- 
kDa polypeptides which share the same C-terminal amino acid 
sequence. The mcrC gene encodes a 39-kDa polypeptide. The 
5l-kDa McrB polypeptide and 39-kDa McrC polypeptide have
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been postulated to be necessary for the sequence-specific 
restriction of 5-methylcytosine DNA. It has also been 
postulated that the 33-kDa polypeptide might play a role in 
regulating 51-kDa activity since the 33-kDa polypeptide may 
compete with 51-kDa polypeptide in DNA and protein binding 
abilities. However, it has not been biochemically
demonstrated how these polypeptides are involved in McrBC 
restriction. As a first step to gain insight into the 
function of those gene products, a purification procedure 
for each of these polypeptides was developed.
In addition, there existed a controversy over the 
translation initiation start sites for both McrB and McrC 
proteins. Ross, et al. (1989b) originally reported the 
putative starting codon for McrC translation to be a GTG 
triplet at the nucleotide position 1514. A purine-rich 
region, which is 7 bases upstream of this codon was 
suggested to serve as a ribosome binding site for the 
translation of this protein. This arrangement provided for 
one nucleotide overlap between the stop codon for McrB 
transcripts and the initiation codon for McrC transcript. 
However, Dila, et al. (1990) recently suggested that the 
deduced McrC coding sequence overlapped the McrB 
transcripts by 30 nucleotides (Table 2.1). Their predicted 
molecular size of McrC protein is 40-kDa. With regards to 
the mcrB product, Ross, et al. (1989b) reported that the 
mcrB gene encodes for two polypeptides of 51-kDa and 33-kDa
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that share the same C-terminus. Dila, et al. (1990) later 
reported that in vitro translation of mcrB gene resulted in 
products of about 49-kDa and 29-kDa. They also suggested 
that translation of the larger polypeptide might initiate 
18 nucleotides upstream of that predicted by Ross, et al. 
(1989b) (Table 2.1). Therefore, purification and N-
terminal amino acid sequencing of the proteins encoded by 
the mcrB and mcrC genes would determine the translation 
initiation sites for McrB and McrC proteins.
MATERIALS AMD METHODS
Construction of the overproducing plasmids. A T7 promoter 
containing plasmid, pT7-7, was obtained from Tabor and 
Richardson (Tabor and Richardson, 1985) and was used to 
construct an overexpressing plasmid, pZB7-mcrC (Fig. 2.1). 
An mcrC containing DNA fragment was isolated from pRAB16 
(Ross, et al., 1989a). This McrC start codon is 80
nucleotides downstream from the EcoRV site within the mcrB 
gene (Fig. 2.1).
To construct the McrB-overproducing plasmid, pZBB, a 
T7 promoter-containing pBluescript KS vector (Short, et 
al., 1988) was digested with EcoRI and EcoRV and ligated 
with a 1.6 kb fragment containing the entire mcrB gene and 
some flanking sequences. The fragment originated from 
pRABl2 (Ross, et al., 1989a) using EcoRI and partial EcoRV
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digestion (Fig. 2.2). Escherichia coli BL21 (DE3) (F“
ompT, rB“, mB~) was used as the host for overproduction of 
the McrBC proteins (Studier, et al., 1990).
Bacterial growth and T7-labelling mcrBC proteins.
Transformed strains, BL21(DE3) containing mcrC or mcrB in 
T7 promoter plasmid, were used to overproduce McrC and McrB 
proteins. The transformants were grown at 37°C on M9 
medium (Maniatis, et al., 1989) supplemented with 1% 
methionine assay medium (Difco Laboratories). When
cultures reached the mid-log to late-log phase 
(0. D600=0 . 4 ) , isopropyl-/'i-D-thioga lacto-pyranoside (IPTG) 
was added to a final concentration of 0.4 mM to induce T7 
RNA polymerase synthesis, and the culture was incubated for 
60 minutes at the same temperature. Since T7 RNA 
polymerase is not sensitive to rifampin, this antibiotic 
was added to 300 pg/ml to inhibit transcription from the 
host cell promoters. After the addition of rifampin, 
culture growth was continued for 110 minutes at 37°C. To 
label the newly synthesized proteins, 0.6 juCi of [35S]- 
methionine (DuPont) per ml of medium was added for 10 
minutes at 37°C. An aliquot (0.5 ml) of harvested cells 
was centrifuged and washed twice with 1 ml of cold 50 mM 
phosphate buffer (pH 7.0). About 100,000 cpm/lane was 
subject to SDS polyacrylamide (12%) gel electrophoresis 
(PAGE) and the labeled polypeptides were detected by 
autoradiography as previously described. Prelabelled [14C]
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protein molecular weight markers (BRL) were used as 
standards.
Purification procedures of McrBC proteins. After IPTG 
induction, cells from 1 liter of M9 culture were 
resuspended in 20 ml of buffer A containing 50 mM Tris (pH 
8.0), 50 mM NaCl , 1 mM EDTA, 1 mM DTT, 1 mM phenylmethyl
sulfonyl fluoride (PMSF), and 10% (V/V) glycerol. The
cells were lysed in a French Press at 12,000 lb/in2. The 
lysates were centrifuged at 4°C at 12,000 X g for 20 
minutes to separate the soluble material from the inclusion 
bodies and other insoluble material. The supernatant was 
then passed through a DEAE-Sepharose column (Sigma) which 
was equilibrated with 50 mM Tris (pH 7.5) and 50 mM NaCl. 
The column was eluted with a linear NaCl gradient from 
0.05-0.5 M and fractions were analyzed by SDS-PAGE. The 
McrC protein was identified by its coelution with 
radioactively-labelled McrC protein. These fractions (5 
mis: 1 ml each) with McrC protein were pooled and then
loaded onto a hydroxylapatite column (Bio-Rad) equilibrated 
with 50 mM phosphate buffer (pH 7.5). The column was 
eluted with a phosphate gradient from 0.1 to 0.2 M and 
fractions were analyzed by SDS-PAGE.
The McrB proteins were purified using a two-step 
column procedure similar to the that described above for 
McrC except that the second column was an Affi-gel blue 
(Zheng and Braymer, 1991). These Fractions (5 mis) with
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the McrB proteins were pooled and loaded onto an Affi-Gel 
blue column (BioRad) which was equilibrated with the same 
buffer. The column was eluted with a linear NaCl gradient 
from 0.05-1.0 M and fractions were analyzed by SDS-PAGE. 
N-terminal amino acid sequences of the purified proteins. 
The purified McrC protein and McrB proteins {50 jig) were 
subject to SDS PAGE (12%) and the proteins were then 
electrophoretica1ly transferred onto polyvinylidine 
difluoride (PVDF) membrane (Millipore) using 10 mM 3- 
[Cyclohexylamino]-1-propane-su1fonic acid (CAPS) buffer 
(pH 10) at a constant voltage of 80 V for 20 minutes. The 
membranes were then stained with Coomassie blue in 50% 
methanol for 2 minutes and destained with 50% methanol for 
2 minutes. The blots were extensively washed with water to 
remove other contaminants which might interfere with 
subsequent sequence analysis. The Mere protein and two 
McrB protein bands were excised and their N-terminal amino 
acid sequences were analyzed by an automated gas-phase 
protein sequenator at the Department of Immunology and 
Microbiology, Baylor College of Medicine, Houston.
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Table 2.1. The difference of translation initiation sites 
for McrB and McrC proteins.
39-kDa McrC protein 
Dila, et al. Ross, et al
I  1
ATG GAC CAA CAA ATT ATT AGG GGA CTC ATA GTG......
51-kDa McrB protein
Dlla, et al. Ross, et al
1  1
ATG AGG AAG GCA TAT CTT ATG.....
fj 5
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Figure 2.1. Construction of the McrC protein overproducing 
plasmid, pZB7- m c r C .  A restriction map of the area from the 
E . coli K-12 chromosomal region showing the location of the 
mcj"5 , mcrC genes (Ross, et al., 1989b) as well as the 
adjacent hsdS gene (Sain and Murray, 1980). The bottom 
portion at the figure indicates the 1.6 kb of DNA derived 
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Fig. 2,2. Construction of a McrB protein overexpressing 
plasmid, pZBB. The 1.6-kb McrB gene fragment and 
.EcoFI+FcoflV-linearized pBluescript KS plasmid were ligated. 
Symbols: arrow { —») , T7 phage gene 10 promoter; black
rectangular (™), T7 phage terminator.
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RESULTS AND DISCUSSION
Overproduction of McrBC proteins. The T7-promoter 
expression (Fig. 2.3, lane B) showed that pZB7-mcrC (pT7 
plasmid containing mcrC gene) synthesized a strong 
radioactive band corresponding to a protein of 39-kDa. 
This was in agreement with Ross, et al. (1989b) . The 4-kDa 
radioactive band at the near bottom of the lane B was a 
fusion protein caused by translation fusion from the 
plasmid, pZB7-mcrC, which contains a small portion of mcrB 
gene. The cooverproduction of the 39-kDa McrC protein and 
the 4-kDa fusion McrB protein from the constructed 
translation vector provides the evidence for the 
translation coupling of the McrB and McrC proteins (Ross, 
et al., 1989b). Ross, et al. ( 1989b) predicted the
putative start codon for McrC translation from the mcrC 
gene sequence data and the size of McrC predicted protein 
is in agreement with that from maxicell analyses. This 
arrangement would provide for a l-nucleotide overlap 
between the stop codon for McrB translation and the 
initiation codon for McrC translation (Ross, et al., 
1989b).
T-7 promoter expression of plasmid pZBB (pBluescript KS 
containing mcrB gene) produced two radioactive strong bands 
corresponding to proteins of 51-kDa and 33-kDa (Fig. 2.4,
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lane B) , respectively, again as predicted by Ross, et al. 
(1989b). The McrC and McrB proteins were overexpressed in 
terms of protein band intensities observed on the Coomassie 
staining of the SDS-PAGE (Fig. 2.5, lane C and Fig. 2.6, 
lane B). The enhanced McrC and McrB protein extracts were 
starting material for their purifications.
Purification of McrBC proteins. McrC and McrB proteins 
were purified from the above high-level containing 
extracts. After IPTG induction, cells were lysed in a 
French Press. The lysates were centrifuged to separate the 
soluble material from other insoluble material. Both the 
McrC and McrB proteins were found by SDS-PAGE to be in the 
supernatant which indicate that they are soluble proteins. 
The supernatant was then passed through a DEAE-Sepharose 
column (Sigma). The column was washed with a linear NaCl 
gradient from 0.05-0.5 M and fractions were analyzed by 
SDS-PAGE. The McrC protein was identified by its coelution 
with radioactively-labelled McrC protein. This protein was 
found to be eluted at around 0.17-0.20 M NaCl and at this 
step most of the major contaminants were removed (Fig. 2.5, 
lane D). Fractions with McrC protein were pooled and then 
loaded onto a hydroxylapatite column. The column was 
eluted with a phosphate gradient from 0.1 to 0.2 M and 
fractions were analyzed by SDS-PAGE. The protein was 
eluted at around 0.16-0.20 M phosphate. The protein purity 
was about 99%, as assessed by Coomassie blue staining of
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SDS-PAGE (Fig. 2.5, lane E). About 10 mg of McrC protein 
were purified from 1 liter of culture.
The McrB proteins were purified using a two-step 
column procedure (Zheng, et al., 1992). The two McrB 
proteins of 51-kDa and 33-kDa were found to be coeluted 
from the DEAE-Sepharose column in the fractions around 0.2 
M NaCl. These Fractions (10 mis: 1 ml each) with the McrB 
proteins were pooled (Fig. 2.6, lane C) and loaded onto an 
Affi-Gel blue column. The McrB proteins bound tightly to 
the column and were coeluted at around 1.0 M NaCl (Fig. 
2.6, lane D). As assessed by Coomassie blue staining of 
SDS-PAGE, the two McrB proteins were purified to near 
homogeneity by this procedure.
The function of the McrB proteins in the restriction 
of methylated foreign DNA is not known. The 33-kDa of McrB 
has been proposed to compete with the 51-kDa polypeptide 
for DNA or protein binding sites (Ross, et al., 1989b). In 
the present purification scheme, both the 33-kDa and 51-kDa 
polypeptides bound to DEAE-sepharose and blue gel column in 
an similar manner, suggesting that they are both nucleotide 
binding proteins. We tried to reconstitute the function of 
the purified McrB and McrC proteins and we did not have 
success yet.
Determination of N-terminal amino acid sequences of the 
purified proteins. To prove above the purified proteins 
were the mcrC and mcrB gene products, their N-terminal
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amino acid sequences were determined. The N-terminal amino 
acids of the purified McrC were M, E, Q, P, V , I, P, V, R, 
N which match exactly with the aiuino acid sequence deduced 
from mcrC DNA sequence by Ross, et al. (1989b) and disagree 
with that by Dila, et al. ( 1990). The N-terminal amino 
acids of the purified 51-kDa McrB protein were M, E, S, I, 
Q, P, W, I, E, and K which match with the amino acid 
sequence deduced from mcrB nucleotide sequence determined 
by Ross, et al. (1989b) . The N-terminal amino acids of the 
purified 33-kDa McrB protein were S, K, T, E, S, Y, C, L, 
E, D, A, L and N. This sequence also matches the 
nucleotide sequence prediction except that the purified 
protein lacks the first Met, which may be due to 
posttranslationa1 processing or the 33-kDa McrB protein 









Figure 2.3. Autoradiography of a SDS polyacrylamide gel 
(12%) depicting plasmid-encoded McrC proteins which were 
labelled using [ Sjmethionine in a T7 labelling system. 
The host protein synthesis was inhibited with rifampin, 
lane A, plasmid pT7-7 without mcrC; lane B, pZB7-mcrC. The 
arrow indicates the position of 39-kDa McrC protein.
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Fig. 2.4. Autoradiography of a SDS polyacrylamide gel 
(12%) depicting plasmid-encoded McrB proteins which are 
labelled using [^5S]methionine in a T7 labelling system. 
Lane A, plasmid pBluescript KS without mcrB; lane B, 
constructed plasmid pZBB (see Fig. 2.2) with mcrB 
insertion. The two arrow heads indicate the position of 
51-kDa and 33-kDa polypeptides.
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0
Figure 2.5. SDS-PAGE analysis of the McrC protein 
purification steps. Lane A, molecular weight markers from 
top: bovine albumin, egg albumin, glyceraldehyde-3-
phosphate dehydrogenase, carbonic anhydrase, trypsin 
inhibitor and a-lactalbumin; lane B, crude lysate of host 
cell, BL21(DE3), harboring pT7-7 plasmid without mcrC; lane 
C, crude lysate of host cell harboring pZB7-mcrC; lane D, 
pooled fraction of DEAE-Sepharose-purified McrC protein; 
lane E, hydroxylapatite-purified McrC protein. The arrow 
indicates the position of the 39-kDa McrC protein.
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kDa
Fig. 2.6. SDS-PAGE analysis of the McrB protein
purification steps. Lanes: A, crude extract of host cells 
harboring pBluescript KS; B, crude extract of host cells 
harboring pZBB; C, DEAE-Sepharose-purified fraction of 
McrB proteins; D. Affi-Gel blue-purified fraction of McrB 
proteins. For other detail see fig. 2.4 legend.
65
CONCLUSION
The present results on the purification and N-terminal 
amino acid sequences of mcrBC gene products provided direct 
evidence that mcrC encodes a 39-kDa protein and mcrB may 
encodes for two proteins, a 51-kDa and a 33-kDa. This 
finding is in agreement with the results of Ross, et al. 
(1989b). When the mere gene was initially cloned into 
Bluescript vector (transcription T7 promoter controlled 
vector), the McrC protein was not overproduced. However, 
when the gene was cloned into pT7-7 vector (translation T7 
promoter controlled vector), the McrC protein was 
overproduced. The co-overexpression of 39-kDa McrC and the 
4-kDa McrB fusion protein from plasmid pT7-mcrC provides 
strong evidence for the translation coupling of McrB and 
McrC proteins proposed by Ross, et al. (1989b). Since the 
first methionine from the N-terminal was found to be 
missing in purified 33-kDa McrB protein, we can not rule 
out the possibility that the 33-kDa may be a cleavage 
product of the 51-kDa McrB protein. Equal intensity of 
labelling of the 51-kDa and 33-kDa peptides during short 
pulses and the ability to produce the 33-kDa in the absence 
of the 51-kDa indicated that this may not be true. 
However, the translation initiations and amino acid 
sequences of the N-terminal portion of these gene products 
are consistent with those deduced from nucleotide sequence
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data of Ross, et al. (1989b). Possible different 
translation initiation sites for both McrB and McrC 
proteins may be used under different physiological 
conditions as proposed by Dila, et al. (1990), but these 
translation products either are not synthesized in high- 
level or do not purify with the major translation products. 
The overproduction and purification of the three McrBC 
proteins will allow us to make antibodies against McrB and 
McrC proteins and to purify the McrB and McrC proteins from 
one chromosome copy of E . coli K12 strain.
CHAPTER III




Escherichia coli K12 has DNA restriction systems which 
enable it to recognize and attack modified cytosine
residues of foreign DNA. Three such restriction systems, 
McrBC, McrA and Mrr, have been found to restrict methylated 
DNA (Hiom and Sedgwick, 1991; Heitman and Model, 1987;
Raleigh, et al., 1989). The locus known as mcrBC, formerly 
rglB, was discovered by the markedly low plating efficiency 
of T-even bacteriophage that contain non-glucosylated 5- 
hydroxymethylcytosine (5-HMC) DNA on most E. coli strains 
(Luria and Human, 1952; Revel, et al., 1965; Revel and 
Gerogopoulos, 1969; Revel and Luria, 1970). It has
recently been shown that the McrBC restriction is also able 
to recognize and restrict DNA that contains 5- 
methylcytosine and 4-methylcytosine (Raleigh and Wilson, 
1986; Raleigh, et al., 1989).
Molecular examination of this locus revealed that it 
is composed of the mcrB and mcrC genes (Dila, et al., 1990; 
Ross, et al., 1987, 1989a and 1989b). The mcrB gene
encodes two proteins, 51-kDa and 33-kDa, with the 33-kDa 
protein totally overlapping with the C-terminal amino acids 
of the 51-kDa protein. The mcrC encode one 39-kDa protein.
Three of the proteins have been purified to near
homogeneity using a T7 promoter expressing systems (Zheng
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and Braymer, 1991; Zheng, et al., 1992). The regulation 
and in vivo expression of the McrBC proteins is still 
unknown.
In order to assay for in vivo expression of McrBC, 
antibodies against each of the proteins were isolated. The 
antibodies would aid the investigation on the expression of 
McrBC proteins under normal and infected condition. The 
present paper reports the generation of polyclonal 
antibodies against 51-kDa McrB polypeptide and preliminary 
immunological investigation of McrB protein expression 
under physiological conditions.
MATERIALS AND METHODS
Bacterial strains, phage and media. The bacterial strains 
and phage used are listed in Table 3.1. Strains were 
routinely subcultured on LB broth or LB with agar added at 
1.5% (L agar) (Miller, 1972). L-agar plates and water top 
agar (0.65% agar) were used for plating T4gt phage. 
Ampicillin (Ap) was added to LB media at the concentration 
of 100 ng/ml for strains of E. coli BL21 (DE3) (pZBB) and 
BL21(DE3)(pZB7-mcrCJ.
Production of antibodies against the McrBC proteins. The
near-homogeneous McrBC polypeptides were purified from 
Escherichia coli as described (Zheng and Braymer, 1991; 
Zheng, et al., 1992, also see Chapter II). They were
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further separated by SDS polyacrylamide (4-20%) gel 
electrophoresis (PAGE). After Coomassie blue staining, the 
two bands corresponding to the 51-kDa McrB and 39-kDa McrC 
were excised and ground separately to be used as antigens. 
Each protein was mixed with Ribi adjuvant (Ribi ImmuneChem 
Research Inc.) and both injected subcutaneously and 
intradermally into one female New Zealand white rabbit (6 
weeks old). Approximately 50 nq of proteins were used for 
each injection. The second injections of the protein- 
Ribi's adjuvant mixture were given four week after the 
primary injection. A third injections with the proteins 
were given six weeks following the initial injection. Ten 
days following the last injection, 10 mis of blood were 
taken from the marginal vein of the rabbits' ear. Sera 
were collected from the blood after clotting and stored in
0.01% sodium azide at -20°c prior to use.
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C600 McrBC* Raleigh & 
WiIson 
(1986)
DH5a McrBC* Raleigh, et al. 
(1988)
DH5aMCR™ McrBC- Jessee & Bloom 
(1988)
BL21(DE3)(pZBB) T7 plasmid 
encoded mcrB















To reduce the level of serum albumin and nonspecific 
antibodies present, which reacted against proteins other 
than McrB or McrC, the sera were purified by Protein G 
Sepharose 4 Fast Flow column (Pharmacia). The Protein G, 
originally from Streptococcus wall proteins and engineered 
to eliminate albumin binding site, shows strong and 
specific binding for the Fc-region of IgG, but not other 
classes of immunoglobulins (Dunbar and Schwoebel, 1990). 
The column was equilibrated with 0.1 M phosphate buffer (pH 
8.0). About l ml of the sera was loaded and washed with 
the same buffer to remove nonspecific binding. The bound 
IgG was eluted with 0.05 M glycine and 0.15 M NaCl buffer 
(pH 3.0). About 10 fractions (1 ml each) containing the 
specific IgG were collected and tested by Western blotting. 
Preparation of crude extracts of bacterial cells and 
analysis of McrB by Western blotting. Extracts of total 
proteins of E. coli were prepared by solubilizing bacterial 
pellets in 50 jil SDS sample buffer (2% SDS, 10%-/3- 
mercaptoethanol, 8 M urea, 0.03% bromophenol blue, 1.25 M 
Tris-Cl, pH 7.0) and boiling for 5 minutes. The protein 
concentration was measured by the method of Bradford using 
the BioRad protein dye reagent concentrate with diluted 
bovine serum albumin as standard. The proteins (50-200 t̂g 
from each sample) were separated on SDS polyacrylamide gels 
and transferred to polyvinylidene difluoride (PVDF) 
membrane (Millipore). Transfer was performed in a BioRad
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trans-blot for 90 minutes in 25 mM Tris buffer (pH 8.3) 
containing 192 mM glycine and 20% (v/v) methanol at 5 mA
per cm-2 of gels, monitored by prestained molecular weight 
standard (BRL) and confirmed by staining the gels with 
Coomassie blue after transblotting. Following antigen 
binding, the remaining protein binding sites on the 
membrane surface were blocked with 5% non-fat dried milk in 
TBS buffer (0.1 M Tris. HC1, pH 7.5, and 0.1 M NaCl). The 
membrane was then incubated with anti-McrB antibodies (with 
dilution of 1:1000) for 1-2 hours at room temperature and 
washed with TTBS (TBS with 0.05% Tween 20) three times to 
remove unbound antibodies. The membrane was then incubated 
with goat anti-rabbit second antibodies (with dilution 
1:3000), which has been conjugated to alkaline phosphatase 
(AP) . Specific bands were visualized with chromogenic 
substrates, nitro blue tetrazolium and 5-bromo-4-chloro-3- 
indolyl phosphate (NBT/BCIP).
Detection of physiological level of McrB proteins by Immu- 
lite chemiluminescent assay. Previous studies demonstrated 
that T4gt phages, which contain nonglucosylated 5- 
hydroxymethylcytosine, are sensitive to McrBC restriction 
(Georgopoulos and Revel, 1971). This implies the 
expression of McrBC proteins can be detected by the use of 
T4gt phage as substrate. Therefore, expression of McrB 
proteins was examined by Western blotting before and after 
T4gt infection. One infection method was in broth culture.
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E. coli C600 strain, or DH5a (McrBC+) was grown in LB broth 
until log phase to approximately 10® cells ml-1 and 
infected by the addition of T4gt phages (with M.O.I.=l). 
Samples of 20 ml were taken before infection and at 
intervals after infection (15 minutes, 30 minutes, 45 
minutes, 60 minutes, 90 minutes, 120 minutes, 150 minutes 
and 180 minutes). Another infection method was conducted 
in plates. Equal number of bacterial cells and T4gt phage 
were mixed in top soft agar on L agar plates. The plates 
were incubated at 37°C for 5 and 12 hours before the cells 
were collected. The incubation times were chosen because 
T4gt phages begins to form plaques on DHSaMCR™ infected 
strain in 5 hours under the same condition. In McrBC* 
strains, such as C600 and DH5a, T4gt phages were restricted 
by the McrBC restriction enzymes. Protein extracts were 
prepared and their protein concentrations were determined 
as described in the above section. Equivalent total 
amounts of proteins (about 200 jig) were separated by 10-30% 
SDS-PAGE.
The Immu-lite chemiluminescent assay (BioRad) which can 
detect low picogram amount of antigen was used (Oberfelder, 
1991). The protein from E . coli K12 strains was analyzed 
by Western blotting as described above except using a 
different enzyme substrate. The membrane was incubated 
with the chemiluminescent substrate, 4-methoxy-4(3 - 
phosphatepheny1)spiro[1,2-dioxetane-3,2'-adamantane] (LUMI-
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PHOS™ 530) (Oberfelder, 1991). Alkaline phosphatase in 
the form of second antibodies conjugate dephosphorylates 
LUMI-PHOS 530, which destabilizes the reagent. 
Decomposition of the dephosphorylated dioxetane then 
occurs, producing light. After coating with LUMI-PHOS 530, 
the PVDF membranes were heat-sealed inside a clear plastic 
sheet protector. Signals were detected by placing the blot 
in a film cassette, placing a sheet of Kodak X-OMAT AR film 
on top of the blot, and exposing the film at room 
temperature for varying amounts of time (between 30 seconds 
and 5 minutes).
RESULTS
Specificity and sensitivity of the polyclonal antibodies.
Rabbits were immunized with purified 51-kDa McrB and 39-kDa 
McrC proteins isolated from T-7 overproduction systems. 
Ten days after the third injection, the specificity of the 
sera to their proteins was assayed by Western blotting. The 
purified 51-kDa McrB or 39-kDa McrC proteins and whole cell 
proteins from E. coli BL21(DE3)(pZBB) (plasmid-encoded 
mcrB) or E. coli BL21(DE3)(pZB7-mcrC) (plasmid-encoded 
mcrC) were run on 12% SDS PAGE gel and detected by the 
anti-51 kDa McrB or anti-39 kDa McrC antibodies. The anti- 
51 kDa antibodies reacted strongly with the purified 51-kDa 
McrB protein as well as the 51-kDa and 33-kDa McrB proteins
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from total cell proteins. This is not surprising since the 
33-kDa McrB protein is composed of the C-terminal amino 
acids of the 51-kDa protein (Ross, et al., 1989a). For the 
anti-39 kDa McrC sera, no specific band was observed even 
when the purified McrC protein was used (data not shown). 
The 39-kDa McrC protein may be degraded by the protease 
present in rabbits or the rabbits could have similar 
protein with 39-kDa. The reasons for the failure to 
generate antibodies against the 39-kDa McrC protein was not 
clear.
The anti-51 kDa sera were purified by Protein G column 
to reduce nonspecific background. The specific IgG 
fractions were eluted by glycine buffer at pH 3.0 and about 
10 fractions (1 ml each) showing specific IgG proteins were 
collected and pooled. The pooled fractions were again 
tested for specificity against purified McrB proteins, 
whole cell proteins of E . coli BL21 (DE3) pZBB, and whole 
cell proteins of E . coli BL21(DE3)pKS (without mcrB 
expression plasmid, i.e. negative control) (Fig. 3.1). The 
purified antibodies reacted specifically with purified 51- 
kDa McrB protein (Fig. 3.1, lane A), and the 51-kDa and 33- 
kDa McrB proteins from whole cell protein extract (Fig. 
3.1, lane c). The antibodies did not react with proteins 
from the BL21(DE3)pKS cell extracts (Fig. 3.1, lane B) . 
The size of the band agreed with the size of maxicell- 
labelled McrB protein bands.
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To further confirm that the positive Western blotting 
reaction is specific for McrB proteins, McrB proteins, 
expressed from a T7 promoter plasmid of mcrB gene, were 
examined in strain BL21(DE3) with and without isopropyl-j3- 
D-thiogalactopyranoside (IPTG) induction. Equal amounts of 
total cellular proteins were assayed by Western blotting 
(Fig. 3.2) from E. coli BL21 (DE3)pZBB before and after 30 
minutes IPTG induction of T7 promoter. After IPTG
induction, the McrB bands dramatically increased in 
intensities for both 51-kDa and 33-kDa (Fig. 3.2, lane C). 
These results indicated that the partially purified anti-51 
kDa antibodies were specific for McrB proteins.
The sensitivity of the anti-51 kDa McrB antibodies 
were tested against the purified 51-kDa McrB protein using 
an Immune-lite kit (Fig. 3.3). The 51-kDa McrB proteins 
were serially diluted from 200 nanogram to 10 picogram. 
About 100 picogram of McrB protein could be detected by 
anti-51 kDa antibodies under the present assay conditions 
(Fig. 3.3, lane F).
Expression of McrB proteins in E. coli. To determine the 
physiological level of McrB proteins in cells of E. coli 
K12, Western blots were performed from total protein 
extracts of E. coli C600 cells under T4gfc infected and 
uninfected conditions. The infection of T4gfc phage on 
McrBC+ host was first carried out with a broth culture 
method. The McrB+ E. coli C600 was grown in LB broth at
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37°C to about 10s cells ml-1 and infected by addition of 
T4gt phage. At intervals, aliquots were removed from the 
culture. Total proteins (200 ^g) were solubilized,
separated on a 10-30% polyacrylamide gel, 
electrotransferred to a nitrocellulose membrane and reacted 
with the antibodies. The McrB proteins were detected in 
the cells harboring the mcrB plasmid (used as a positive 
control), but were not found in the C600 cells.
Several strains were tested for possible McrB protein 
expression under infected conditions in order to eliminate 
strain effects. E . coli DH5a(McrB+) were infected at the 
same time interval by the T4gt phage. The total proteins 
(200 pq) were extracted and McrB proteins were measured by 
Western blotting. Similarly, no detectable signals of McrB 
proteins were observed.
In addition, a different infection method was tested, 
which was on L-agar plates instead of LB broth. Equal 
numbers of host bacterial cells and T4gt phages were mixed 
and incubated at 37°C. The host strain, DH5aMCR™, was 
used as negative control. The DH5aMCR™ permits the growth 
of the T4gt phage because it contains deletion of the mcrBC 
region. Therefore, the cell lysis of DHSaMCR™ occurred 
on plates after about five hours incubation. In contrast, 
there were no sign of lysis in DH5a, or C600 host plates, 
indicating that McrBC proteins were expressed from the host 
strains, which was able to restrict the phage and hence
79
prevent cell lysis. Cells were collected from 5 to 12 
hours after incubation. Whole cell proteins were extracted 
and were analyzed by Western blotting. The results were 
again that a single chromosomal copy of mcrB did not 
produce enough McrB protein to be detected by the assay.
To enhance signal detection by the Immun-lite assay, 
two changes were made in the chemiluminescent detection 
procedure following the addition of LUMI-PHOS 530. The 
first change was to incubate the membrane at room 
temperature for 2 to 4 hours in the LUMI-PHOS 530 (pH 9.6) 
and then to dip it into 50 mM CAPS (pH 11) for a few 
seconds, before placing the membrane into a fresh plastic 
sheet protector and immediately beginning the exposure. 
The second modification tested was adding LUMI-PHOS 530 (pH 
9.6) to the membrane and storing at 4°C overnight followed 
by a room temperature film exposure. The signals for 
plasmid encoded McrB proteins increased about 20-fold as 
quantitated using a densitometer. However, the
physiological levels of McrB proteins were still 
undetected. The exact reasons for failure to identify the 
physiological level of McrB proteins is not clear. 
However, the possible reasons may be that McrB protein 
level is very low in E . coli K12 strains and the low level 
of McrB proteins may be masked by other cellular proteins 






Fig. 3.1. Specificity determination of the 51-kDa McrB 
antibodies after Protein G column on the purified and crude 
extracts of McrB proteins. The Western blotting signals 
were developed with chromogenic substrates, NBT/BCIP, Lane 
A, purified 51-kDa McrB (0.1 Mg); Lane B, the total 
proteins (50 Mg) from E . coli BL21(DE3)pKS (negative 






Fig. 3.2. The Western blot showing the IPTG induced 
plasmid-encoded McrB proteins reacted specifically with 
antibodies against 51-kDa McrB polypeptide. The Western 
blot signals were developed with chemiluminescent 
substrate, LUMI-RHOS 530, Lane A, total proteins from 
BL21(DE3)pKS (negative control); Lane B, total proteins 
from BL21(DE3)pZBB; Lane C, total proteins from 
BL21(DE3)pZBB induced by IPTG for 30 minutes. About 50 nq 
of total proteins were loaded in each lane.
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Fig. 3.3. Sensitivity determination of the 51-kDa McrB 
antibodies against purified 51-kDa McrB protein using 
chemiluminescent assay. The concentrations of the purified 
McrB protein were determined by Bradford method using 
Biorad reagent and were diluted into different 
concentrations (from 200 ng to 0.05 ng). Lanes A-G, 200 
ng, 100 ng, 20 ng, 10 ng, 1 ng, 0.1 ng, 0.05 ng.
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DISCUSSION
Polyclonal antibodies that react against 51-kDa McrB 
protein were produced. Initially rabbits were immunized 
with purified 51-kDa McrB protein. The antibodies were 
purified from sera by Protein G column and shown to 
specifically reacted against the purified McrB proteins and 
McrB proteins from total cell extracts of strain 
overexpressing McrB proteins. The specificity of the 
antibodies were further verified with the IPTG induction of 
the specific expression of McrB proteins by T7 promoter 
plasmid containing mcrB. Samples before and after the IPTG 
induction were taken and compared on Western blot. The 
band intensities for both 51-kDa and 33-kDa increased after 
IPTG induction for 30 minutes.
Using the polyclonal antibodies, it should have been 
possible to quantify the McrB proteins expressed in E. coli 
K12 strains. Attempts were made to determine the levels of 
McrB proteins produced under various conditions. The 
results of these experiments suggest that T7 plasmid 
containing mcrB make significantly more protein than is 
expressed by the single chromosomal copy of mcrB. This 
accounts for the positive signals of McrB proteins detected 
by the anti-51 kDa antibodies using chemiluminescent assay 
when these plasmids were present in cells. On one hand, T7 
plasmid has multiple copies and carries a strong promoter
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(Tabor and Richardson, 1985). On the other hand, it was 
found from sequencing data that mcrB promoter is weak 
compared T7 promoter and has a single copy in E. coli K12 
chromosome (Ross et al., ?989a).
The exact reason is yet to be determined for the 
inability to detect McrB proteins from a single chromosomal 
gene copy. C600 and DH5a strains have been demonstrated to 
restrict T4gt, indicating the McrBC proteins must be 
expressed. The sensitivity test of anti-51 kDa antibodies 
against the purified McrB protein showed that the 
chemiluminescent assay is able to detect about 100 pg of 
McrB proteins. If 200 (j.q proteins from cell extracts was 
loaded, the physiological level of McrB proteins must be 
lower than 0.0001%. This assay should have detected as 
little as 0.4 McrB protein per cell.
The presence of the low amount of McrB proteins could 
result from either a low synthesis rate or a rapid 
turnover. Another possibility is that the low level of 
McrB protein is masked by other cellular proteins with 
similar size to McrB proteins so the antibodies could not 
get access to the McrB proteins. Further studies are 
needed to understand the biochemical properties of the 
physiologically expressed or plasmid-encoded McrBC 
proteins. The antibodies against 51-kDa McrB protein will 
be useful in the purification of McrB proteins from E. coli 
K12 strains.
SUMMARY
The McrBC restriction system of E. coli K12 is capable 
of sequence specific degradation of foreign DNA containing 
methylcytosine. The present research has addressed some of 
the questions central to our understanding of the genes and 
proteins involved in the McrBC restriction. A 1.7 kb 
fragment downstream of mcrC gene, which had been postulated 
to play a role in the McrBC system, has been cloned and 
sequenced. No function associated with this region was 
detected. Sequence analysis of this DNA fragment has 
revealed an BcoRV site in this E. coli chromosome region 
which was not identified by the established Kohara map 
(Kohara, et al., 1987). However, we can not rule out the 
sequence diversity of the DNA region among different E . 
coli Ki2 strains. Mutants with deletions in the mcrBC 
region have been isolated and they have been used for the 
hosts in complementation of McrBC+ phenotype by constructed 
clone containing only mcrBC genes.
The McrBC proteins, 51-kDa, 33-kDa and 39-kDa, have 
been purified to apparent homogeneity following 
overproduction of these proteins in T-7 expression systems. 
The availability of the purified proteins have allowed the 
determination of their N-terminal amino acid sequences and 
the generation of the antibodies against the 51-kDa and 33- 
kDa McrB proteins. The antibodies have been used in an
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attempt to assay the McrB proteins expressed by E, coli 
chromosomal gene and mcrB-containing plasmids.
The results from the above experiments have led to the 
following conclusion:
1. The 1.7 kb DNA fragment immediately downstream of mcrC 
is not directly involved in the McrBC restriction and the 
previously identified two genes mcrB and mcrC are 
sufficient to confer this restriction activity (Ross, et 
al., 1989b). The major line of evidence for this 
conclusion comes from the study in which the deletion 
mutants lacking the mcrB and mcrC genes and the 1.7 kb 
region were restored to McrBC+ restriction activity by 
introducing only mcrB and racrC genes in high copy plasmid. 
In addition, manipulation of the 1.7 kb (i.e. deletion or 
addition from high copy plasmid) in E, coli K12 showed no 
apparent changes in the restriction activity. Furthermore, 
no obvious translation products could be found from the 1.7 
kb DNA sequence or T7/maxicell labelling.
2. The translation initiation sites of the three proteins 
are in agreement with those deduced from DNA sequence 
(Ross, et al., 1989b). Other translation initiation 
starts used under different growth conditions have not be 
ruled out.
3. The mcrB gene encoded 51-kDa and 33-kDa polypeptides 
share some immunological and physical similarities since 
the 33-kDa crossreacts with antibodies against 51-kDa and
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they showed similar binding properties to various 
chromatography columns.
4. The level of McrB proteins appears to be very low in E. 
coli K12. This is indicated by the fact that antibodies 
against McrB 51-kDa could detect the antigens as low as 100 
picograms (as little as 0.4 protein per cell) but failed to 
detect the McrB proteins in E. coli under various 
physiological conditions. The presence of the low amount 
of McrB proteins could result from rapid turnover. Another 
possibility may be due to McrB antigen masking by non- 
homologous proteins on Western blot.
Built upon the present findings, further investigation 
should greatly advance our understanding of the McrBC 
restriction. For example, very little is known regarding 
the biochemical mechanism for the McrBC restriction. The 
availability of the purified proteins may enable the 
reconstitution of the McrBC enzyme activity in vitro and 
the identification of its cofactor requirements. The 
antibodies may be used to purify McrB proteins from E. coli 
K12 strains.
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